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ABSTRACT 

Recent experiments i n  our laboratory  have demonstrated tha t  aluminophosphate 
molecular sieves subs t i t u ted  w i t h  cobal t  and c o b a l t / s i l i c o n  combinations and 
having the A1P04-34 o r  A1P04-5 s t ruc tu re  ac t i va te  methane s t a r t i n g  a t  -350°C. 
Between 400 and 5OO0C the r a t e  o f  methane conversion increases s t e a d i l y  w i t h  
t y p i c a l  conversion e f f i c i e n c i e s  a t  5 O O O C  ranging from 15 t o  60%. The coba l t  and 
s i l i c o n  subs t i t u ted  A1P04-34 s t ruc tu re  (CoAPSO-34) produces ethylene, ethane, 
propylene, and propane i n  varying propor t ions,  depending on reac t i on  condi t ions.  
l h e  coba l t - subs t i t u ted  A1P04-5 (CoAPSO-5) produces propylene i n  very high y i e l d ,  
w i th  ethane, ethylene, and propane a l so  seen. Analogous aluminophosphate 
molecular sieves subs t i t u ted  w i t h  magnesium o r  s i l i c o n ,  bu t  con ta in ing  no 
t r a n s i t i o n  metal (e.g., SAPO-34, MAPO-5), do no t  ac t i va te  methane under the  
condi t ions described above. The ac t i va t i on  mechanism i s  based on reduct ion o f  
the c o b a l t ( I I 1 )  form o f  the molecular sieve t o  the coba l t ( I 1 )  form w i t h  
accompanying o x i d a t i v e  dehydrogenation o f  the methane. 
coba l t ( I 1 )  form t o  the  c o b a l t ( I I 1 )  form can be done e i t h e r  chemical ly (e.g., 
using 0,) o r  e lect rochemical ly .  

Reoxidation o f  the 

INTRODUCTION 

I n  a recen t l y  publ ished paper (1) we reported the f i n d i n g  t h a t  when Co(1I) i s  
subs t i t u ted  f o r  A1 (111) i n  the  framework o f  c e r t a i n  aluminophosphate (AlPO,) 
molecular sieves and the  r e s u l t i n g  Co( I1) -conta in ing AlPO, (CoAPO) i s  ca lc ined i n  
oxygen, the  Co(I1) i s  ox id ized t o  Co(II1). 
showed t h a t  they possess s t rong o x i d i z i n g  c a p a b i l l i t y ,  and, f o r  example, can 
convert methanol t o  formaldehyde ( a t  25OC), NO t o  NO+ (a t  25OC), and H, t o  2H+ 
(a t  2300'C). These r e s u l t s  i nsp i red  the thought t h a t  Co(1II)APOs might a c t u a l l y  
ox id i ze  methane and i n  the process convert t he  ac t i va ted  species d i r e c t l y  t o  
l i g h t  hydrocarbons by v i r t u e  o f  t h e i r  known Bronsted ac id  cata lyzed homologation 
capacity (2,3) and the  product s e l e c t i v i t y  cons t ra in t s  imposed by t h e i r  pore 
dimensions. Recent experiments i n  our laboratory  (summarized below) have 
demonstrated t h a t  t h i s  i s  i n  f a c t  the case. 

Fur ther  work w i t h  these Co(1II)APOs 

EXPERIMENTAL 

The synthesis methods used t o  prepare the aluminophosphate molecular sieve 
mater ia ls  employed i n  t h i s  work have been discussed elsewhere (1). 
methane on these molecular sieve mater ia ls  and on several o the r  metal oxides 
known t o  a c t i v a t e  methane (e.g., Sm,O,) were c a r r i e d  out  i n  a quar tz  tube reac to r  
having an 8 mm ins ide  diameter. The c a t a l y s t  sample (-1 gram) was supported on a 
quartz f r i t t e d  d i sk  fused i n t o  the midsection o f  t he  quar tz  tube. The tube was 
mounted i n  an e l e c t r i c a l l y  heater furnace ( w i t h  the sample i n  t h e  middle o f  the 
heated zone) and attached t o  the gas handling system. 
experiments [99.999% He, 10% CH, i n  A r  (C, hydrocarbonslCH, .I: 0.002), and "zero" 
a i r ,  a l l  suppl ied by Matheson Gas Productsf were introduced a t  t he  bottom of the  

Reactions o f  

The gases used i n  the  
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react ion tube. 
tube j u s t  above the  bed o f  c a t a l y s t  ma te r ia l .  
accomplished by i n s e r t i n g  two c o i l e d  sections o f  p la t inum w i re  t h a t  were 
f la t tened t o  conform t o  the s ide  wal l  o f  the reac t i on  tube and then mounted i n  
the tube so t h a t  they faced each other  w i t h  a spacing o f  -3 mm. 

I n  a t y p i c a l  experiment w i t h  a molecular sieve ma te r ia l ,  the sieve sample was 
ca lc ined i n  "zero" a i r  a t  55OOC i n  the reac t i on  tube t o  burn o f f  any remaining 
template ions ( f o r  a fresh sample) o r  carbonaceous residues ( f o r  a used sample). 
This ca l c in ing  restored the cobal t -conta in ing molecular sieves t o  the Co( I I1)  
rorln as described p rev ious l y  (1). 
t o  the des i red temperature and purged o f  res idual  oxygen w i t h  f l ow ing  helium, 
then ~ 1 0  cc (STP) of t h e  10% CH, i n  A r  mix ture was introduced a t  a r a t e  o f  -0.5 
cc/min. The reac t i on  products, irnreacted CH,, and A r  coming out  t he  top  o f  t he  
reac t i on  tube were c o l l e c t e d  i n  a l i q u i d  n i t rogen  cooled loop. 
i so la ted  from the reac t i on  tube and warmed up t o  room temperature; a f t e r  which a 
gas sample was withdrawn through a septum por t  on the s ide o f  t he  loop (using a 
gas syringe) and i n j e c t e d  i n t o  a gas chromatograph (GC) equipped w i t h  a flame 
ion i za t i on  detector  (FIO). 
GC equipped w i t h  a thermal conduc t i v i t y  detector  (TCD) t o  determine the  amounts 
o f  H,O, CO, and CO, t h a t  were produced r e l a t i v e  t o  the amount o f  CH, reacted. 

Electrochemical a c t i v a t i o n  s tud ies were performed using a constant vo l tage power 
supply. 
plat inum w i re  e lect rodes (described above). Gas handling procedures employed i n  
the presence o f  an appl ied p o t e n t i a l  were the same as those used on a i r  ca lc ined 
molecular s ieve samples, except t h a t  t he  sieve sample was f u l l y  reduced (deact i -  
vated) w i t h  CH, between the ca l c in ing  and hel ium purging steps. The vo l tage was 
applied dur ing purging and maintained throughout the CH, i n t roduc t i on  step. 

A quartz-sheathed thermocouple was pos i t ioned i n s i d e  the  react ion 
Electrochemical a c t i v a t i o n  was 

A f t e r  ca l c in ing ,  t he  react ion tube was brought 

The loop was then 

I n  some experiments i n j e c t i o n s  were a l so  made i n t o  a 

Po ten t i a l s  i n  the range from 3 t o  10 V dc were applied across the two 

RESULTS 

Methane a c t i v a t i o n  experiments were performed on the fo l l ow ing  aluminophosphate 
molecular s ieve ma te r ia l s :  CoAPSO-34 (P:Co:Si = 12:1:1.8), CoAPO-5 (P:Co = 
24:1), MAPO-5 (P:Mg = l Z : l ) ,  and SAPO-34 (P:Si = 6.7:l). The onset temperature 
f o r  ac t i va t i on  o f  CH, by the cobal t -conta in ing AlPO, ( i .e . ,  where a few percent 
o f  C,, products are observed r e l a t i v e  t o  the CH,) occurs i n  the 350 t o  400°C 
range. A t  500°C the reac t i on  proceeds more rap id l y ,  and s ing le  pass conversions 
o f  CH, t o  C,+ hydrocarbons ranging from 15 t o  30% have been observed. I n  s i n g l e  
pass experiments w i thou t  electrochemical s t imulat ion,  -1 cc (STP) o f  methane de- 
act ivates almost a l l  o f  the a c t i v e  s i t e s  i n  -1 gram o f  the CoAPSO-34 o r  CoAPO-5, 
and reca lc ina t i on  w i t h  O2 i s  requi red t o  reac t i va te  the  sieve ma te r ia l .  
ca l c in ings  have been run  on some samples o f  CoAPSO-34 wi thout  evidence o f  
s i g n i f i c a n t  permanent loss o f  a c t i v i t y ,  but  i n  most o the r  cases we have observed 
steady decreases i n  a c t i v i t y  w i t h  extended use. I n  the presence o f  appl ied dc 
po ten t i a l s  i n  the 3 t o  10 V range, i t  i s  poss ib le  t o  a c t i v a t e  the  reduced form o f  
the cobal t -conta in ing molecular sieves [(HCo(II)APSO-34 and HCo(II)APO-5)] and 
achieve s i g n i f i c a n t  (> 15%) methane conversion t o  Cg+ hydrocarbons i n  a s i n g l e  
pass a t  500'C. However, even e lect rochemical ly  ac t i va ted  samples tend t o  e x h i b i t  
reduced a c t i v i t y  w i t h  extended use. 

I den t i ca l  experiments were performed on the s i l i c o n - s u b s t i t u t e d  A1P04-34 (SAPO- 
34) and magnesium-substituted A1P04-5 (MAPO-5), wherein a i r  c a l c i n a t i o n  and 
electrochemical s t imu la t i on  were employed i n  the  same manner as was used w i t h  the 
CoAPSO-34 and CoAPO-5. 
a c t i v a t i o n  t o  C2+ hydrocarbons. 

Many a i r  

None o f  these experiments gave any evidence o f  methane 
A t e s t  o f  a i r - ca l c ined  Sm,O,, a known methane 
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ac t i va t i on  ca ta l ys t  a t  >7OO0C (4), f a i l e d  t o  produce any C,, products i n  our  
apparatus f o r  temperatures up t o  58OoC, using methane on ly  as a reactant  (no 
oxygen co-feed) . 
A summary o f  t y p i c a l  r e k u l t s  from the experiments described above i s  given i n  
Table I. 
ac t i va t i on  over an a i r  ca lc ined sample o f  CoAPSO-34, an e lect rochemical ly  
st imulated sample o f  CoAPSO-34, and an e lect rochemical ly  s t imulated sample o f  
CoAPO-5 are shown i n  Figs. 1, Za, and Zb, respec t i ve l y .  TCD gas chromatograms 
run on products from experiments where h igh y i e l d s  o f  C + hydrocarbon were 
obtained t y p i c a l l y  showed r e l a t i v e l y  low leve ls  o f  CO, Pa few percent a t  most) 
and hard ly  any CO. I f  care was not  taken t o  remove oxygen (as 0,) from the 
react ion environment p r i o r  t o  i n t roduc t i on  o f  t he  methane, h igher  l eve l s  o f  CO, 
and lower l e v e l s  o f  C,+ hydrocarbons were normally observed, i . e . ,  t he  y i e l d s  o f  
C + hydrocarbons and COX have tended t o  be i nve rse l y  r e l a t e d  t o  one another i n  
tge types o f  experiments described above. 

F i n a l l y ,  we wish t o  note t h a t  electrochemical s t imu la t i on  experiments done on 
samples o f  Co(I1)-exchanged SAPO-34 (P:Co 512) and Co(I1)-exchanged Y z e o l i t e  
(Si:Co -5) a t  5OO0C (using the same condi t ions as f o r  the CoAPSO-34 and CoAPO-5 
experiments) produced smal l e r  (but nonetheless measurable) y i e l d s  o f  the same 
products observed f o r  CoAPSO-34 (see Table 1). 
experiments w i t h  Co(I1)-exchanged Y z e o l i t e ,  evidence o f  a few percent conversion 
of  methane t o  C,, hydrocarbons a t  5OO0C was a lso seen f o r  a s ieve sample t h a t  was 
a i r  ca lc ined a t  55OoC p r i o r  t o  methane exposure. 

i 
Reproductions 07 FIO gas chromatograms f o r  the products o f  methane 

I n  the case o f  s i n g l e  pass 

DISCUSSION 

The r e s u l t s  presented i n  the  preceding sect ion g i ve  c l e a r  evidence t h a t  cobal t -  
subst i tu ted aluminophosphate molecular sieves have the  c a p a b i l i t y  t o  cata lyze the 
coupling o f  methane t o  C,, hydrocarbons at  temperatures < 500°C. The s ing le  pass 
y ie lds  which have exceeded 30% a t  5OO0C, the  h igh  s e l e c t i v i t y  t o  C,, hydro- ' 

carbons, t he  encouraging observation tha t  molecular oxygen i s  no t  essen t ia l  t o  
the a c t i v a t i o n  process, and the  absence o f  l a rge  q u a n t i t i e s  o f  COX i n  the product 
stream represent a s i g n i f i c a n t  advance in the s ta te -o f - the -a r t  f o r  methane 
coupling using inorganic  c a t a l y s t  mater ia ls .  The f u r t h e r  f i n d i n g  t h a t  the 
cobal t -subst i tu ted molecular sieve can be maintained i n  the a c t i v e  s ta te  by an 
e l e c t r i c  f i e l d  al lows f o r  the development o f  continuous methane homologation 
processes using, e.g., packed o r  f l u i d i z e d  electrochemical bed reactors .  

Data from comparative experiments -- CoAPSO-34 vs SAPO-34 and CoAPO-5 vs MAPO-5 -- show t h a t  cobal t  i s  essent ia l  t o  the a c t i v a t z n  process. 
ind icates t h a t  the a c t i v e  s ta te  o f  the coba l t  i s  t e t rahedra l  ly -coord inated 
Co(II1) bound i n  framework metal atom pos i t i ons  o f  t he  molecular sieve. 
ove ra l l  r eac t i on  mechanism i s  be l ieved t o  inc lude t h e  fo l l ow ing  steps: 

P r i o r  w o r r ( 1 )  

The 

ZCH, + ZCo(1II)APO + C,H, + HCo(I1)APO 111 
C2H6 + ZCo(1II)APO + C,H, + HCo(1I)APO 

0, o r  
ZHCo(1I)APO - - Co(1II)APO + H,O o r  H,. 

e l e c t r i c  f i e l d  

The formation of C, hydrocarbons could occur from reac t i on  o f  methyl r a d i c a l s  
(CH,') w i t h  ethylene o r  from Bronsted ac id  cata lyzed react ions i nvo l v ing  
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ethylene. 
molecular s ieve framework which s e l e c t i v e l y  const ra ins the  s i ze  and shape o f  the 
t r a n s i t i o n  s t a t e  species and the products. 

Although we assume t h a t  the framework-bound coba l t  i s  the ac t i ve  agent i n  t h i s  
ca ta l ys i s ,  t he re  was evidence t h a t  a i r  ca lc ined and e lect rochemical ly  st imulated 
beds o f  Co(I1)-exchanged SAPO-34 and Co(I1)-exchanged Y z e o l i t e  a l so  produced 
detectable q u a n t i t i e s  o f  C,, hydrocarbons when exposed t o  methane a t  500°C. This 
apparent c a t a l y t i c  a c t i v i t y  o f  Co(11)-exchanged molecular sieves, which was 
ac tua l l y  p red ic ted  r e c e n t l y  i n  the  modeling work o f  Apar i c io  and Dumesic (5) ,  i s  
bel ieved t o  occur by a mechanism t h a t  i s  separate from, b u t  poss ib ly  re la ted  t o ,  
the one g iven above f o r  framework-bound C o ( I I ) / C o ( I I I )  i n  AlPO, molecular sieve 
s t ructures.  

A l l  o f  t he  above react ions are bel ieved t o  take place w i t h i n  the 

The ef fect iveness o f  electrochemical s t imu la t i on  as a redox a c t i v a t o r  was not 
unexpected i n  t h i s  work. 
mater ia ls  are good i o n i c  conductors a t  elevated temperature and have great  
po ten t i a l  f o r  use i n  gas phase e lec t roca ta l ys i s  appl icat ions.  
Shaw (7) recen t l y  demonstrated the  e l e c t r o c a t a l y t i c  a c t i v i t y  o f  CoAPSO-34 micro- 
electrodes i n  the  presence o f  methane using c y c l i c  voltammetry. 

There are a number o f  aspects o f  the research f i nd ings  described above tha t  c a l l  
f o r  f u r the r ,  more d e t a i l e d  study. Other t r a n s i t i o n  metals, such as manganese and 
i r o n ,  call be s u b s t i t u t e d  i n t o  the  framework o f  AIPO, molecular sieves (2,3) and 
these might a l so  e x h i b i t  methane coupling a c t i v i t y .  The f a c t  t h a t  a va r ie t y  o f  
pore sizes and framework a rch i tec tu res  are poss ib le  w i t h  AIPO, molecular sieves 
(2,3) should be e x p l o i t e d  t o  determine the r e l a t i o n s h i p  between s iev ing  
proper t ies and a c t i v i t y l s e l e c t i v i t y .  The optimum amount o f  t r a n s i t i o n  metal 
subs t i t u t i on ,  t he  r o l e  (bene f i c ia l  o r  otherwise) o f  non-redox type ac id s i t e  
creators (e.g., S i ,  Mg, Zn) i n  the  framework, and the optimum balance between 
redox and non-redox framework metal atoms requi res explorat ion.  
framework demetal i z a t i o n ,  over-dehydrogenation ( leading t o  soot format ion) ,  t he  
need for  oxygen p o t e n t i a l  c o n t r o l  ( t o  avoid d e s t a b i l i z a t i o n  o f  the framework 
s t ruc tu re ) ,  and the  r o l e  o f  impur i t i es  (e.g., H,O) i n  the a c t i v a t i o n  and i o n i c  
conduction processes a l l  need t o  be e luc idated.  Foremost among the  concerns 
stemming from our  research t o  date are the causes o f  t he  gradual loss o f  
c a t a l y t i c  a c t i v i t y  observed f o r  t he  CoAPSO-34 and CoAPO-5 s ieve mater ia ls ,  and 
the  i m p l i c i t  need f o r  a methodology t o  i den t i f y l p roduce  more s tab le ,  r e s i l i e r i t  
t r a n s i t i o n  me ta l - subs t i t u ted  AlPO, s t ructures.  

There i s  increasing evidence (6) tha t  molecular sieve 

Also, Creasy and 

Factors such as 
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Table I. Examples o f  Product D i s t r i b u t i o n s  from Typica la 
Methane Ac t i va t i on  Experiments a t  5OO0C 

Mol ecu 1 a r  
S i eve 

COAPSO-34 

SAPO-34 

COAPO-5 

MAPO-5 

CO( I I)   EX^ 
SAPO-34 

CO(II)-EXC Y 
Zeo l i t e  

A c t i v a t i o n  
Method 

A i r  ca l c ine  
Electrochem. 
Electrochem. 

A i r  Calcine 
E l  ectrochem. 

A i r  Calc ine 
A i r  Calcine 
E l  ec trochem . 

A i r  Calcine 
Electrochem. 

Electrochem. 

E l  ectrochem. 
E l  ectrochem. 

Number 
o f  Passes 

Sing le 
Sing le 
Mu 1 ti p l  eb 

Sing le 
Sing le 

Sing le 
Mu1 t i p l  eb 
Sing le 

Sing le 
Sing le 

Sing le 

Sing le 
Mu1 t i p l  eb 

Product D i s t r i b u t i o n  (Mole %) 

u4 &!6 :2!4 53!5 53!6 

65 15 12 1 7 
91  5 1 2 1 
85 4 3 4 4  

99 -.- n i l  
99 - n i l  

54 1 5 1 39 
21 1 10 1 67 
58 2 4 4 32 

gg f nil ---I. 
99 - n i l  _ _ _  -_  

0.5 0.4 0.3 0.3 

98 1 1 
94 1 1 1 3 

(a) 

(b) 

(c) 

(d) 

The data presented i n  t h i s  tab le  were der ived from averages o f  several o f  
the b e t t e r  r e s u l t s  obtained w i t h  each ma te r ia l .  

In m u l t i p l e  pass experiments the unreacted methane and products from the 
f i r s t  pass a re  recyc led through t h e  bed fou r  o r  f i v e  a d d i t i o n a l  times. 

Ind icates Co(I1) exchanged molecular s ieve ma te r ia l .  

A f i f t h  undetermined low molecular weight product was observed w i t h  
Co(I1)-exchanged SAPO-34. It was not  acetylene, cyclopropane, or CO. 
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z i I 
Figure 1. Gas chromatogram o f  the  products from a t y p i c a l  s i n g l e  

pass reac t ion  o f  methane over a i r  ca lc ined CoAPSO-34 
a t  5OGOC. The numbers above each peak g ive  the approximate 
mole percentages o f  each Sas, i . e . ,  65% = CH4. 15% = C&. 
12% = C2Hq, 1% = C3H8, and 7% = C3H6. 
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